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BURST SWITCHING IN A HIGH CAPACITY NETWORK 

FIELD OF THE INVENTION 

The present invention relates to data communication networks and, in particular, to 
burst switching in a high capacity network. 

BACKGROUND OF THE INVENTION 

In burst switching, a source node sends a burst transfer request to a core node to 
indicate that a burst of data is coming, the si2e of the burst and the destination of the burst. 
Responsive to this burst transfer request, the core node configure.,- a space switch to connect a 
link on which the burst will be received to a link to the requested burst destination. In a first 
1 0 scheme, the burst follows the burst transfer request after a predetermined time period (a 
scheduling time) and it is expected that, when the burst arrives at the core node, the space 
switch will have been properly configured by the core node. In a second scheme, the source 
node waits for a message from the core node, where the message acknowledges that the space 
q switch in the core node is properly configured, before sending the burst. 

M15 Often core nodes are used that do not have buffers to buffer incoming data. Core 

nodes without buffers are desirable because: it may not be possible to provide buffers without 
an expensive optical-electrical conversion at input and electrical-optical conversion at output 
of an optical space switch; and the core node may be distant from the source and sink (edge) 
P nodes, therefore requiring remote buffer management in an edge-controlled network. 

20 In the first scheme, a burst may arrive at a core node before the space switch is 

properly configured and, if the core node does not include a buffer, the burst may be lost. 
Furthermore, until the source node fails to receive an acknowledgement of receipt of the burst 
from the burst destination, the fact that the burst has been lost at the core node is unknown to 
the source node. Having not received acknowledgement of receipt of the burst, the source 
node may then retransmit the burst In the second scheme, the timo delay involved in sending 
a burst transfer request and receiving an acceptance before sending a burst may be 
unacceptably high, leading to low network utilization. Despite these shortcomings, burst 
switching is gaining popularity as a technique to transfer data in high-speed networks since it 
simplifies many of the control functions and does not require capacity to be reserved when it 
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may not always be in use. Furthermore, burst switching reduces u need for characterizing the 
traffic. Clearly, a burst switching technique that allows for great* r network utilization is 
desirable. 

SUMMARY OF THE INVENTION 

5 At a controller of a space switch, a novel burst scheduling technique allows efficient 

utilization of network resources. Burst transfer requests are received at the space switch 
controller and pipelined such that the controller may determine a schedule for allowing the 
bursts, represented by the burst transfer requests, access to the space switch. According to the 
schedule, scheduling information is distributed to the sources of ihe burst transfer requests 
10 and to a controller of the space switch, 

i f Advantageously, the novel burst scheduling technique allows for utilization of 

w 

network resources that is more efficient than typical burst switching techniques, especially 
when the novel burst scheduling technique is used in combination with known time locking 

methods. The novel burst scheduling technique enables the application of burst switching to 

J 

15 wide coverage networks. Instead of handling burst requests one-by-one, burst requests are 
pipelined and the handling of the bursts is scheduled over a long future period. 



In accordance with an aspect of the present invention there is provided a method of 
controlling a space switch to establish time-varying connections, the method includes 
receiving a stream of burst transfer requests from a source node, each of the burst transfer 
20 requests including parameters specifying a requested connection and a duration for the 
requested connection, generating scheduling information for each of the burst transfer 
requests based on the parameters, transmitting the scheduling iniormation to the source node 
and transmitting instructions to a slave controller for the space switch, where the instructions 
are based on the scheduling information and instruct the space s\\/itch to establish the 
25 requested connection. In another aspect of the invention a space switch master controller is 
provided for performing this method. In a further aspect of the p) esent invention, there is 
provided a software medium that permits a general purpose computer to carry out this 
method. 



In accordance with another aspect of the present invention there is provided a method 
30 of generating scheduling information. The method includes deteimining a next-available 
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input port among a plurality of input ports and a time index at which the next-available input 
port will become available and, for each burst Transfer request of u plurality of burst transfer 
requests received in relation to the next-available input port, and where each the each burst 
transfer request includes an identity of a burst and a destination for the burst; determining, 
from the destination for the burst, a corresponding output port among a plurality of output 
ports; determining a time gap, where the time gap is a difference between: the time index at 
which the next-available input port will become available; and a time index at which the 
corresponding output port will become available. The method funher includes selecting one 
of the plurality of burst transfer requests as a selected burst transf er request, where the 
selected burst transfer request has a minimum time gap of the plurality of burst transfer 
requests, selecting a scheduled time index, where the scheduled time index is one of the time 
index at which the next-available input port is available and the rime index at which the 
corresponding output port is available and transmitting scheduling information for a burst 
identified by the selected burst transfer request, the scheduling information based on the 
scheduled time index. In another aspect of the invention a burst scheduler is provided for 
performing this method. In a further aspect of the present invention, there is provided a 
software medium that permits a general purpose computer to cany out this method. 

In accordance with a further aspect of the present invention there is provided a core 
node in a data network. The core node includes a space switch, a plurality of input ports, a 
plurality of output ports and a slave controller for the space switch for receiving instructions 
from a master controller of the space switch, the instructions inclading specifications of 
temporary connections to establish between the plurality of input ports and the plurality of 
output ports and indications of timing with which to establish the connections. 

In accordance with a still further aspect of the present invention there is provided a 
data network including a plurality of edge nodes, a.plurality of core nodes, each core node of 
the plurality of core nodes including a space switch and a master controller for one the space 
switch in one the core node for: receiving a stream of burst transfer requests from one of the 
plurality of edge nodes, each of the burst transfer requests including parameters specifying a 
requested connection and a duration for the requested connection; generating scheduling 
information for each of the burst transfer requests based on the parameters; transmitting the 
scheduling information to the one of the plurality of edge nodes; and transmitting the 
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instrucrions to a slave controller for the one the space switch, where the instructions are based 
on the scheduling information. 

Other aspects and features of the present invention will bixrome apparent to those of 
ordinary skill in the art upon review of the following description of specific embodiments of 
5 the invention in coiyunction with the accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In the figures which illustrate example embodiments of this invention: 

FIG. 1 schematically illustrates a hub and spoke network including a core node that 
may employ embodiments of the present invention; 

FIG. 2 illustrates the core node of FIG. 1; 

FIG. 3 illustrates a space switch controller for use in the core node of FIG. 2; 
FIG. 4 illustrates a burst scheduler for use in the space switch controller of FIG. 3; 
FIG. 5A illustrates a data structure for use in an embodiment of the present invention; 
FIG. 5B illustrates an entry in the data structure of FIG. 5 A; 

FIG, 6 illustrates a time-space map for use in an embodiment of the present invention; 

FIG. 7 illustrates an M-entry Map for use in an embodiment of the present invention; 

FIG. 8 illustrates steps of a burst scheduling method for us e in an embodiment of the 
present invention; 

FIG. 9 illustrates steps of a map maintenance method for use in an embodiment of the 
20 present invention; 

FIG. 10 illustrates an exemplary configuration of groups of poits of a space switch for 
parallel processing in an embodiment of the present invention; 
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FIG. 11 illustrates a data structure adapted from the data structure in FIG. 5A for use 
in a parallel processing embodiment of the present invention; 
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FIG. 12 illustrates a data network for use with an embodiment of the present 
invention; 

FIG. 13 illustrates an edge node for use in the data network of FIG. 12; 

FIG. 14 illustrates an electronic core node for use in the ch.ta network of FIG. 12; 

FIG. 15 illustrates a data network that is an adaptation of tiie data network of FIG. 12 
wherein a core node and an edge node have been collocated; 

FIG. 16 illustrates an edge node for use in the data network of FIG. 15; 

FIG. 17 illustrates a master controller including a burst scheduler for use in the data 
network of FIG. 15; 

FIG. 18 illustrates a core node for use in the data network of FIG. 15; 

FIG. 19 illustrates a data network that is an adaptation of die data network of FIG. 15 
wherein a second core node and an second edge node have been allocated; 

FIG. 20 illustrates an edge node for use in the data networl of FIG. 19; 

FIG. 21 depicts a master time counter cycle and a calendar cycle for a master 
controller for use in an embodiment of the present invention; 

FIG. 22 illustrates scheduling of burst transfers and resultant changes in the state of a 
calendar in an embodiment of the present invention; and 

FIG. 23 illustrates a master controller including a burst scheduler and a circuit 
scheduler for use in the data network of FIG. 19. 

DETAILED DESCRIPTION 

FIG. 1 illustrates a rudimentary "hub and spoke" data network 100 wherein a number 
of edge nodes 108A, 108B, 108C, 108D, 108E, 108F, 108G, 108B (referred to individually 
or collectively as 108) connect to each other via a core node 102. An edge node 108 includes 
a source node that supports traffic sources and a sink node that supports traffic sinks. Traffic 
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sources and traffic sinks (not shown) are usually paired and each source node is usually 
integrated with a sink node with which it shares memory and control. 

The core node 102 may be considered in greater detail in \ iew of FIG. 2, which 
illustrates an electronic core node. The core node 102 includes N input ports 202A, 202B, 
202C,. . ., 202N (referred to individually or collectively as 202) foi receiving data from the 
edge nodes 108 of FIG. 1. Each of the N input ports 202 is connected to a corresponding 
buffer 204A, 204B, 204C,..., 204N (referred to individually or collectively as 204) that is 
connected to a corresponding port controller 206A, 206B, 206C... , 206N (referred to 
individually or collectively as 206). A space switch 212 directs input received from each of 
the buffers 204 to an appropriate one of M output pons 208A, 2086, 208C,.. ., 208M 
(referred to individually or collectively as 208) under control of a «:lave space switch 
controller 214. Notably, although the core node 102 and the space switch 212 are described 
as having a number of inputs, N, that is different from the number, M, of outputs, quite often 
the number of inputs and outputs is equal, i.e., N=M. A master controller 210 is 
communicatively coupled to the port controllers 206 and the outpu. pons 208 as well as to the 
slave space switch controller 214. Each of the control functions of <he master controller 210 
can be implemented in application-specific hardware, which is the preferred implementation 
when high speed is a requirement. In an alternative implementation the master controller 210 
may be loaded with burst scheduling and time locking software for executing methods 
exemplary of this invention from a software medium 224 which could be a disk, a tape, a 
chip or a random access memory containing a file downloaded fron i a remote source. 

As illustrated in detail in FIG. 3, the master controller 210 includes a processor 302. 
The processor 302 maintains connections to a memory 304, an input interface 306, an output 
interface 308, a switch interface 312 and a master time counter 314. At the input interface 
306, the master controller 210 receives burst transfer requests from ihe port controllers 206. 
At the output interface, the master controller 210 may communicate with the output ports 208 
to perform conventional operational and maintenance functions. Thi; processor 302 is also 
connected to a burst-scheduling kernel 310. Based on the burst transfer requests received 
from the processor 302, the burst-scheduling kernel 310 determines appropriate riming for 
switching at the space switch 212. According to the determined timing received from the 
burst-scheduling kernel 310, the processor 302 passes scheduling irubrmation to the slave 
space switch controller 214 via the switch interface 312. The processor 302 also controls the 
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timing of transmission of bursts, from the buffers 204 to the space switch 212 by 
emitting scbeduHng information to the port controllers 206 via the input interfile 306. 

The burst-scheduling kernel 310 may now be described in view of FIG 4 The burst 
scheduling kernel 3!0 receives burs, transfer requests from the processor 302 via .processor 
! .menace 402 and a burst parameter reeeiver 404. The burst parameter receiver 404 may for 
stance, be implemented as a time slotted bus. The parameters of ,h«se burst, are queued a, a 
burs, parameter queue 406 before being accessed by a burs,.sched„ling unit 408. Ineiuded in 
the burst-scheduling unit 408 may be a time-space map and a spac -time map as well as 
comparators and selectors for generating scheduling information (co-ordination between 
these maps). The maps are implemented in partitioned random-acc,** memories. After 
generating scheduling informadon for a burs, the scheduling information is transferred to the 
processor 302 via a schedule transmitter 410 and the processor interface 402. 

in overview, an inputpor. 202A of core node 102 receives a burs, from a subtending 
*ge node 108. The burs, is srored in me buffer 204A. Parameters i, .dicating the size (e g 
two megabits) and destination (e.g., a particular edge node 108B) o. the burst are 
communicated from the port eonrroller 206a to the master controller 2,0 as a burs, transfer 
request. The burst-scheduling unit 408 of the master controller 210 ,-xecu.es a burs, 
scheduhng algorithm ,o generate scheduling information and communicates relevant parts of 
the generated scheduling information to the port controller 206. Th, ; master controller 210 
abo communicates relevan, parts of me generated scheduling information to the slave space 
swttch controller 214. According to the scheduling information reived a, the port eonrroUer 
206A, ,he buffer 204A sends bums to the space switch 212. A, the s,,ace switch 212 a 
connection is established between the buffer 204A and the ompu, port 208B. according to 
msrructions received from the slave space switch controller 214, such that the burs, is 
successfully transferred from an edge node 108 associated win, the traffic source to the edge 
node 108 associated with the traffic sink. 

At the master controller 210 (see FIG. 3), Ae burs, transfer request is received by the 
mput tnterface 306 and passed to ft. processor 302. The processor 302 men sends the burst 
transfer request to the burst-scheduling kernel 310. A, the burst-scheduling kernel 310 in 
FIG. 4. ,he burs, transfer reques, is received at me processor interface 402 and me included 
burs, parameters are extracted a, the burs, parameter receiver 404. Th„ parameters are queued 
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at the burst parameter queue 406 and subsequently stored at the burst-scheduling unit 408 in a 
data structure 500 (FIG. 5A). The parameters are stored as an entrj 506 in a record 504, 
where the entry 506 is associated with the burst described by the received parameters. Each 
record 504 has a plurality of entries S06, and each entry 506 is ass« .ciated with a burst waiting 
in a buffer 204. As the number of bursts waiting in each buffer 204 may be different, the 
records 504 may be of varying sizes. As well, the plurality of entries 506 in each record S04 
may be a linked list as will be described hereinafter. Furthermore, the data structure 500 is 
made up of N records 504, where each record 504 corresponds to one of the N input ports 
202 (FIG. 2). As illustrated in FIG. 5B, each entry 506 includes a destination field 508 for 
storing the destination parameter of the burst and a size field 510 for storing the transfer-time 
(size) parameter of the burst. 

A generic memory device storing an array that has a time-varying number of data 
units must have a sufficient capacity to store the expected maximum number of data units. If 
several arrays, each having a time-varying number of data units, share the generic memory 
device, then the allocation of the expected maximum number of data units for each array may 
be considered wasteful. The data structure 500 stores entries 506 containing parameters of 
burst transfer requests received from each of the input ports 202. The number of entries 506 
for any particular input port 202 may vary violently with time, i.e., number of entries 506 for 
the particular input port 202 may have a high coefficient of variation. However, the total 
number of entries 506 waiting in the data structure 500 and corresponding to the N input 
ports 202 would have a much smaller coefficient of variation when N is large, as would be 
expected in this case. The size of memory required for the data structure 500 can then be 
significantly reduced if the entries 506 are stored as N interleaved linked lists. Interleaved 
linked lists are well known in the art and are not described here. Essentially, interleaved 
linked lists allow dynamic sharing of amcmory by X (where X > I) data groupings using X 
insertion pointers and X removal pointers. Thus, the interleaved linked lists are addressed 
independently but they share the same memory device. 

The number, X, of data groupings in the data structure 500 is at least equal to the 
number of input ports, N, though X may be higher than N if trajfic classes are introduced. X 
) may also be higher than N if data from a source node to a sink node uses multiple paths 
through different core nodes (as will be described hereinafter), <ince the data of each path 
must be identified. Thus, the use of an interleaved linked list is preferred to the use of a 
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memory structured to provide a fixed memory partition per traffic stream. A traffic stream is 
an aggregation of traffic from a particular source edge node 108 to a particular destination 
edge node 108, often resulting in a succession of bursts. 

The burst-scheduling unit 408 maintains two other data structures, namely a calendar 
5 (Le., a time-space map) 600 (see FIG. 6) and an M-element array (. .e., a space-time map) 700 
(see FIG. 7). 

The calendar 600 is divided into K time slots 604; indexed from 1 to K. Some of the 
time slots 604 in the calendar 600 contain identifiers 606 of input ports 202. Those time slots 
604 that do not contain input port identifiers 606 contain, instead, auU identifiers 608. Each 
10 time slot 604 contains either an input port identifier 606 or a null identifier 608. The 

presence, in a given time slot 604, of a particular input port identiJier 606 indicates to the 
O master controller 210 that an input port 202 (an identifier of which is contained in a particular 
input port identifier 606) is available to transmit data (if it has waiting data) to the space 
switch 212 from the time corresponding to the given time slot 604 forward. Each of the time 
% slots 604 in the calendar 600 is representative of a short time period, say 1 00 nanoseconds. 

It Thus, the instant of time at which a given input port 202 u. determined to be available 

is represented by a time slot 604 in the calendar 600. This will typically force a rounding up 
fU of the actual availability time to a nearest time slot 604. The durai ion of a time slot 604 in the 
fy calendar 600, therefore, should be small enough to permit an accurate representation of time 
Jf 0 and should be large enough to reduce the mean number of times u memory holding the 
^ calendar 600 has to be accessed before finding an indication of an input port 202. Several 
time slots 604 in the calendar 600 contain null identifiers 608 (i.e., all the time slots 604 that 
don not contain an input port identifier 606) and these must be re.id since the calendar 600 
must be read sequentially. The memory holding the calendar 600 must be a random-access 
25 memory however, since an address (index) at which an input pon identifier 606 is written is 
arbitrary. 

Preferably, the number, K, of time slots 604 in the calendar 600, is significantly larger 
than the number of input ports 202, N (each port of the space switch 212 has an entry in the 
calendar, even if the port is not active for an extended period of time). In general, K must be 
30 greater than N, where N time slots 604 contain input port identifiers 606 and (K-N) time slots 
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604 contain null identifiers 608. Further, the duration of the calendir 600 must be larger than 
a maximum burst span. With a specified maximum burst span of 1< • milliseconds, for 
example, an acceptable number (K) of time slots 604 in the calendar 600 is 250,000 with a 
slot time of 64 nanoseconds. 

5 There is a requirement that the calendar 600 be time locked to the master time counter 

314 as will be described hereinafter. In one embodiment of the present invention, each time 
slot 604 in the calendar 600 has a duration equivalent to a single ti*:k of the master time 
counter 314. In other embodiments, each time slot 604 in the calendar 600 has a duration 
equivalent to an integer multiple of the duration of a single tick of the master time counter 
314. Each port controller 206 has an awareness of time at the master time counter 314 f so that 
scheduling information received at the port controller 206 may be used to send a burst to the 
space switch 212 at the time indicated by scheduling information, rhis awareness may be 
derived from access to a clock bus or through a time locked local counter. 

In order to speed up the process, the calendar 600 may be i cnplemented in multiple 
memory devices. For example, a calendar of 262,144 (2 18 ) time slots 604, can be 
implemented in 16 memory devices each having a capacity to stoie of 16,384 time slots 604. 
Addressing a time slot 604 in a multiple-memory calendar is known in the art. 

In the M-element array 700, each element 704 corresponds to one of the output ports 
208, Each element 704 in the M-element array 700 holds a state-transition-time indicator 706. 
The state-transition-time indicator 706 is an index of a time slot 604 in the calendar 600 
representative of a point in time at which the respective output port 208 will be available to 
transmit data. If, for instance, the calendar 600 has sixteen thousand time slots 604 (i.e., 
K=16,000), each element 704 in the M-element array 700 may be two bytes long (i.e., 
capable of holding a binary representation of a time slot index as high as 65,536). Where each 
of the time slots 604 is 100 nanoseconds long, a sixteen thousand slot calendar 600 may 
accommodate bursts having a length up to 1 .6 milliseconds (i.e., 16 megabits at ten gigabits 
per second) without having to wrap around the current time wher. writing the availability of 
the input port 202 to the calendar 600. 

To examine scheduling in detail, we may first assume that the master controller 210 
has already been operating, that is, assume that burst transfer requests have been satisfied and 



5 



10 



25 



30 



Dec-29-00 12:34pm Fron-438 UNIVERSITY AVE, 15th fl -2 4165911690 T-555 P. 19/69 F-253 



1 1 



10 



u 
Z15 



mo 

f y 
a._2 



25 



30 



bursts are therefore flowing from the input pons 202 to the output pons 208 of the core node 
102. 

The burst-scheduling unit 408 scans the calendar 600 to detect a future time slot 604 
containing an input port identifier 606 (step 802), resulting in a detected time slot 604A. The 
burst-scheduling unit 408 then communicates with the burst par.uneter queue 406 to acquire 
entries 506 (step 804) from the record 504, in the data structure 500 (FIG. 5), that 
corresponds to the input pon 202 identified in the input pon identifier 606 in the detected 
time slot 604A. It is then determined whether there are entries 5t»6 in the record 504 that 
corresponds to the identified input port 202 (step 805). Each of the entries 506 identify a 
destination and, from the destination, the burst-scheduling unit 408 may deduce an output 
pon 208. If there are entries to schedule (i.e., waiting burst requc sts), the burst-scheduling 
unit 408 extracts a state-transition-rime indicator 706 (step 806) irom each element 704, in 
the M-element array 700 (FIG. 7), that corresponds to an output port 208 deduced from 
destinations identified by the acquired entries 506. The burst-scheduling unit 408 then 
determines a "gap" (step 808) by subtracting the index of the detected time slot 604A from 
the index of the lime slot found in each state-transition-time indicator 706. Each gap 
represents a time difference between a time at which the input port 202 is available and a 
time at which the respective output port 208, requested in the respective burst transfer 
request, is available. The burst-scheduling unit 408 does this for ,;ach of the acquired entries 
506 for the input port 202. Each entry 506 identifies a single burst transfer request. The burst- 
scheduhng unit 408 then selects the burst transfer request corresponding to the minimum gap 
(step 810). As will be mentioned hereinafter, to simplify circuitry, the step of acquiring 
entries 506 from the record 504 (step 804) may only require acqu.sition of a limited number 
of en tries 506. 

If the gap of the selected burst transfer request is positive, then the input port 202 is 
available before the output port 208. The time slot index identified in the state-transition-time 
indicator 706 corresponding to the availability of the output port 208 which was requested for 
the selected burst transfer request is then designated as a "scheduled rime slot." If the gap of 
the selected burst transfer request is negative, then the input pon 202 is available after the 
output port 208. The time slot index in which the input port identifier 606 was detected in 
step 802 (corresponding to the time when the input port 202 is available) is then designated as 
the scheduled time slot. The burst-scheduling unit 408 then transmits scheduling information 
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(index of the scheduled time slot and identity of the burst transfer request) to the processor 
302 (step 812) via the schedule transmitter 410 and the processor interface 402. When 
determining a minimum gap in step 810. a negative gap is prefe.red to a positive gap because 
use of the input port 202 may begin at the time corresponding to the detected time slot 604A, 
as the negative gap indicates that the requested output port 208 is already available. 

The burst-scheduling unit 408 then updates the calendar 600 and the M-element array 
700 (step 814). FIG. 9 illustrates steps of the update method of step 814. The burst- 
scheduling unit 408 first sums the index of the scheduled time slot and the transfer-time 
determined from the size field 51 0 of the selected burst transfer > equest (step 902) and writes 
the input port identifier 606 of the selected burst transfer request in the time slot 604 indexed 
by the sum (step 904). The writing of the input port identifier 606 effectively identifies, to the 
burst-scheduling unit 408, the time at which the input port 202 * ill be available after 
transferring the burst corresponding to the selected burst transfer request. Notably, only one 
input port identifier 606 may occupy a single time slot 604. Consequently, if another input 
port identifier 606 is already present in the time slot 604 indexed by the sum, the burst- 
scheduling unit 408 will write to the next available time slot 604. After writing the input port 
identifier 606 to the time slot 604 indexed by the sum, the burst-scheduling unit 408 writes a 
null identifier 608 in the scheduled time slot (step 906). 

Subsequently, or concurrently, the burst-scheduling unit 408 writes a state-transition- 
time indicator 706 to the M-element array 700 (step 908) in the eiement 704 corresponding to 
the output port 208 of the selected burst transfer request. The stato-transition-time indicator 
706 is an index of the time slot 604 indexed by the sum determined in step 902. As will be 
apparent to a person skilled in the art, pipelining techniques may .dso be used to reduce 
processing time. 

If, as determined in step 80S, there are no entries to schedule (i.e., waiting burst 
requests), the burst-scheduling unit 408 generates an artificial burst (step 816) where the size 
of the artificial burst is the "size of the selected burst" as far as step 902 is concerned. The 
result of this generation of an artificial burst is that (in step 814) the input port identifier 606 
is written to a deferred time slot 604. 
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The processor 302, having received the scheduling information, transmits to the 
appropriate port controller 206, via the input interface 306, scheduling information to indicate 
a time at which to begin sending the burst corresponding to the selected burst transfer request 
to the space switch 212. The processor 302 also sends scheduling information (input-output 
configuration instructions) to the slave space switch controller 2 14 via the switch interface 
312. 

As the above assumes that the master controller 210 has ..Iready been operating, it is 
worth considering initial conditions, for the calendar 600 especially. As all of the input ports 
202 are available initially, yet only one input port identifier 606 may occupy each time slot 
604, the first N time slots 604 may be occupied by the input port identifiers 606 that identify 
each of the N input pons 202. Initially, the data structure 500 is c-lear of burst transfer 
requests and the state-transition-time indicator 706 present in eac h element 704 of the M- 
element array 700 may be an index of the first time slot 604 in the calendar 600. 

When an input port 202 is determined to be available, i.e. . when the input port 
identifier 606 is read from a detected time slot 604A (step 802), the corresponding record 504 
in the data structure 500 is accessed to acquire entries 506. If the corresponding record 504 is 
found to be empty, the burst-scheduling unit 408 writes a null identifier 608 in the detected 
time slot 604A and writes the input port identifier 606 at a defemd time slot. The deferred 
time slot may be separated from the detected time slot 604A by, for example, 128 time slots. 
At 100 nanoseconds per time slot 604, this would be amount to a delay of about 13 
microseconds. 

If the M-element array 700 (FIG. 7) can only respond to a single read request at a 
time, the requests to read each state-transition-time indicator 706 from the elements 704 will 
be processed one after the other. To conserve time then, it may be desirable to maintain 
multiple identical copies of the M-element array 700. Where mult.ple copies are maintained, 
extraction of a state-transition-time indicator 706 from elements 704 in step 806 maybe 
performed simultaneously. It is preferable that the writing of a panicular state-transition-time 
mdxeator 706 to a given element 704 of each copy of the M-element array 700 (step 908) be 
performed in a parallel manner. 
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Where maintaining multiple identical copies of the M-eleroent airay 700 conserves 
time, this is done at the cost of memory. Thus, the number of entries 506 acquired in step 804 
should be limited to a value, J. If J entries 506 are acquired in step 804, then there is only a 
requirement for J identical copies of the M-element array 700. It is preferred that J not exceed 
5 four. 

When the space switch 212 has a relatively high number oi ports (input and output) 
the master controller 210, and in particular the burst-scheduling kernel 310, may take 
advantage of a parallel processing strategy to further conserve processing time. Such a 
parallel processing strategy may, for instance, involve considering a 64 by 64 space switch 
10 (64 input ports, 64 output pons) as comprising an arrangement of ibur 16 by 16 space 

switches. However, so that each input maybe connected to any output, four arrangements 
must be considered. An exemplary configuration 1000 for considering these arrangements is 
C3 illustrated in FIG. 10. The exemplary configuration 1000 includes four input port groups 
;j (sub-sets) 1002A, 1002B, 1002C, 1002D (referred to individually or collectively as 1002) 
L j5 and four output port groups (sub-sets) 1004A, 1004B, 1004C, 1004D (referred to individually 
j2 or collectively as 1004). Each input port group includes 16 input ports and each output port 
* J group includes 1 6 output ports. 

L Four processors may perform scheduling for the 64 by 64 < pace switch, where each 

[ LI processor schedules on behalf of one input port group 1002. A scheduling session may be 
jzp divided into as many scheduling time periods as there are processors. For each scheduling 
C3 time period, a given processor (scheduling on behalf of one input port group 1002) will 
schedule only those connections destined for a particular output group 1004. The output 
group changes after every scheduling time period such that, by the end of the scheduling 
session, all four output port groups 1004 have been considered for connections from the input 
25 port group 1002 corresponding to the given processor. The state oj'the exemplary 

configuration 1000 at a particular scheduling time period is illustrated in FIG. 10. The 
intersection of the output port group 1004 with the corresponding input port group 1002 for 
the particular scheduling time period is identified with a bold border. 

A parallel processing data structure 1100, which is an alternative to the data structure 
30 500 illustrated in FIG. 5A, is illustrated in FIG. 11. Each of the N records 1104 in the parallel 
processing data structure 1100 is divided into sub-records, where each sub-record in a given 
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record 1104 corresponds to a single output port group 1004. Parameters of received burst 
transfer requests are stored as entries 506 in a record 1104 according to the input port 202 and 
in a sub-record according to the output port group 1004. The sub-rocords that correspond to 
the output port groups 1004, are illustrated in FIG. 11 as a number of rows 11 02 A, 1102B, 
5 1102Q 1102D. 

When a given processor of the parallel processors in the burst-scheduling unit 40S 
scans the calendar 600 to detect a future time slot 604 containing an input port identifier 606 
(step 802), the input port identifier 606 must be from the input pon group 1002 to which the 
given processor corresponds. The given processor then communicates with the burst 

10 parameter queue 406 to acquire entries 506 (step 804) from the pai allel processing data 
structure 1100. The entries 506 are acquired from the record 1104 ihat corresponds to the 
input port 202 identified in the input port identifier 606 in the detected time slot 604 and, 

^£ furthermore, only from the sub-record corresponding to the output port group 1004 under 
consideration by the given processor in the current scheduling tim<- period. In FIG. 11, the 

||5 row 1 102 A of sub-records corresponding to the output port group 1.004 under consideration 

y by the given processor associated with a particular input port group 1002 A (which includes 

8 ' ; input ports N-3, N-2, N-l and N) is identified with a bold border. 

a 

^ A hub and spoke data network 1200 is illustrated in FIG. 1:2, including a bufferless 

*y core node 1210X in place of the core node 102. In the data network 1200, a number of traffic 

fij 

2J) sources 104A, 104B, 104C, 104N (referred to individually or collectively as 104) connect, 

? ^ 

^ via the edge nodes 108 and the bufferless core node 1210X, to a number of traffic sinks 
106A, 106B, 106C, 106M (referred to individually or collectively as 106). In practice, the 
traffic sources 104 and the traffic sinks 106 are integrated, for insfcmce, as a personal 
computer. A space switch and space switch controller are maintained at the bufferless core 

25 node 1210X. 

An edge node 108, typical of the edge nodes 108 in FIG. 12, is illustrated in FIG. 13. 
Traffic is received from the traffic sources 104 or sent to the traffic sinks 106 at traffic 
interfaces 1302A, 1302B, 1302C (referred to individually or colle< tively as 1302). The traffic 
interfaces 1302 connect to buffers 1304 A, 1304B, 1304C (referred to individually or 
30 collectively as 1304). The buffers 1304 are controlled by buffer controllers 1306A, 1306B, 
1306C (referred to individually or collectively as 1306) with regard to the timing of passing 
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traffic to a core interface 1308X that subsequently passes the traffic to the bufferless core 
node 1210X. The buffer controllers 1306 also connect to the core interface 1308X for 
sending, to the bufferless core node 1210X, burst transfer requests in a manner similar to the 
manner in which the port controllers 206 send burst transfer requei.ts to the master controller 
210 in FIG. 2. The core interface 1308X maintains a connection to a slave time counter 1314 
for time locking with a master time counter in a master controller. 

At the bufferless core node 1210X, illustrated in detail in F(G. 14, a space switch 
1412 connects N input pons 1402A, 1402B, 1402C,. . 1402N (referred to individually or 
collectively as 1402) to M output ports 1408A, 1408B, 1408C,. . 1408M (referred to 
individually or collectively as 1408) under control of a slave space switch controller 1414. 
Each of the N input ports 1402 is arranged to send burst transfer requests received from the 
edge nodes 108 to a master controller 1410 and to send burst traffic to the space switch 1412. 
If, for instance, a particular input port 1402 is arranged to receive u Wavelength Division 
Multiplexed (WDM) signal having 16 channels, one channel (i.e., one wavelength) maybe 
devoted to the transfer of burst transfer requests from the subtending edge node 108 to the 
master controller 1410. As in the core node 102 of FIG. 2, the master controller 1410 passes 
scheduling information to the slave space switch controller 1414. 

The master controller 1410 may consult the edge nodes 10K, via the output ports 
1408, to perform conventional operational and maintenance functions. However, to avoid 
consulting the edge nodes 108, edge-to-edge rate allocations may be introduced and updated 
as the need arises. The inrerval between successive updates may vary between 100 
milliseconds and several hours, which is significantly larger than a mean burst duration. 

In overview, a traffic interface 1302A at a source edge node 108A receives a burst 
from a subtending traffic source 104A. The burst is stored in the b.iffer 1304A. Parameters 
indicating the size and destination (e.g., a destination edge node 108E) of the burst are 
communicated from the buffer controller 1306A, via the core interface 1308X, to the 
bufferless core node 1210X in a burst transfer request. At the bufferless core node 1210X, the 
burst transfer request is received at one of the input ports 1402 and sent to the master 
controller 1410. The master controller 1410 executes a burst scheduling algorithm to generate 
scheduling information and communicates relevant pans of the generated scheduling 
information to the edge nodes 108. The master controller 1410 also communicates relevant 
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parts of the generated scheduling information to the slave space sw itch controller 1414. At 
the edge node 108A, the buffer 1304A sends the burst to the buffo less core node 1210X, via 
the core interface 1308X, according to the scheduling information received at the buffer 
controller 1306A. At the space switch 1412 of the bufferless core node 1210X, a connection 
is established between the input port 1402A and the output port 1408B such that the burst is 
successfully transferred from the source edge node 108A to the destination edge node 108E. 

As will be apparent to a person skilled in the art, the duty of routing of burst transfer 
requests to the master controller 1410 and bursts to the space switc h 1412 may present a 
problem to the design of the input ports 1402 if the space switch 1-412 is optical. One solution 
to this problem is to relieve the input ports 1402 of this duty. In a version of the data network 
1200 of FIG. 12, which is altered to suit an optical space switch and illustrated in FIG. 15, a 
bufferless core node 1210Z is collocated with an edge node 108J at a location 112. 
Additionally, a stand-alone master controller 1610Z exists separate from the bufferless core 
node 1210Z. The collocated edge node 108 J maintains a connection to the stand-alone master 
controller 1610Z for transferring burst transfer requests, received )"rom other edge nodes 108 
(via the bufferless core node 1210Z) and the subtending traffic sources 104, to the space 
switch controller in the bufferless core node 1210Z. In this solution, it is necessary that the 
edge nodes 108 be aware that burst transfer requests are to be sent to the collocated edge 
node 108J. This solution avoids dedication of an entire wavelength to signaling, which 
typically has a low bit rate. 

In FIG. 16, the collocated edge node 108J is illustrated in detail. Like the typical edge 
node 108 of FIG. 13, the collocated edge node 108J includes traffic interfaces 1602 A, 1602B, 
1602C, buffers 1604A, 1604B, 1604C, buffer controllers 1606A, 1606B, 1606C (referred to 
individually or collectively as 1606) and a core interface 1608X. 1 he core interface 1608X 
also maintains a connection to a slave time counter 1614Z for time locking with a master 
time counter in the master controller 161 0Z. However, in addition to the typical edge node 
108 in FIG. 13, the collocated edge node 108J also includes a com roller interface 1612 for 
sending burst transfer requests to the stand-alone master controller 1610Z. The buffer 
controllers 1606 communicate burst transfer requests to the controller interface 1612 rather 
than to the core interface 1608X, as is the case in the typical edge node 108 in FIG. 13. The 
core interface 1608X also communicates other burst transfer requests to the controller 
interface 1612, in particular, burst transfer requests received from other edge nodes 108. The 
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stand-alone master controller 161 OZ generates scheduling informadon based on the burst 
transfer requests and sends the scheduling information to the slave space switch controller in 
the bufferless core node 121 OZ. 

As illustrated in detail in FIG. 17, the stand-alone master controller 1610Z includes a 
processor 1702. The processor 1702 maintains connections to a memory 1704, an edge node 
interface 1706, a core node interface 1712 and a master time counter 1714. At the edge node 
interface 1706, the master controller 210 receives burst transfer requests from the collocated 
edge node 108J, The processor 1702 is also connected to a burst-soheduling kernel 1710. 
Based on the burst transfer requests received from the processor 1702, the burst-scheduling 
kernel 1710 determines appropriate timing for switching at the space switch at the bufferless 
core node 1210Z. According to the determined timing received from the burst-scheduling 
kernel 1710, the processor J 702 passes scheduling information to ihe bufferless core node 
1210Z via the core node interface 1712. The processor 1702 also controls the timing of 
transmission of bursts, from the edge nodes 108 to the bufferless core node 1210Z, by 
transmitting scheduling information to the edge nodes 108 via the odge node interface 1706 
and the collocated edge node 108J. 

At the bufferless core node 1210Z, illustrated in detail in FtG. 18, a space switch 
1812 connects N input ports 1802A, 1802B, 1802C,..., 1802N (referred to individually or 
collectively as 1802) to M output ports J 808A, 1808B, 1808C,. . 1808M (referred to 
individually or collectively as 1808) under control of a slave space switch controller 1814. 
Instead of requiring that the N input ports 1802 be arranged to send burst transfer requests 
from the edge nodes 108 to a master controller and send bursts to the space switch 1812, 
burst transfer requests pass through the bufferless core node 1210Z and are sent to the 
collocated edge node 108J. The collocated edge node 108J then forwards the burst transfer 
requests to the stand-alone master controller 1610Z, where scheduling information is 
generated. The scheduling information is received from the stand-alone master controller 
161 0Z by a master controller interface 1816. The slave space switc h controller 1814 then 
receives the scheduling information from the master controller interface 1816. 

The bufferless core node 1210Z need not be limited to a single space switch 1812. 
Especially where each input port 1802 and output port 1808 supports multiple channels over 
respective links to or from respective edge nodes 108, as is the case in WDM, the bufferless 
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core node 1210Z may include an assembly of multiple parallel space switches (not shown). 
Each of the multiple space switches may require an associated burst-scheduling kernel, such 
as the burst-scheduling kernel 1710 in FIG. 17, to be located at the master controller 1610Z 
of the bufferless core node 1210Z. Alternatively, each of the multiple space switches may be 
5 associated with a unique burst scheduling unit (see 408 in FIG. 4). 

The space switches in the assembly of multiple parallel space switches operate totally 
independently. The traffic to a specific edge node 108 may, however, be carried by any of the 
channels of a multi-channel link (WDM fiber link) from a source edge node 108 to the 
bufferless core node 1210. Preferably, a load-balancing algorithm ( not described herein) is 
10 used to balance the traffic and thus increase throughput and/or decrease scheduling delay. 

Successive bursts to the same sink edge node 108 may be t) ansferred using different 
ti channels (different wavelengths) and, hence, may be switched in different space switches in 
%a the bufferless core node 1210. However, the transfer of successive bursts to the same sink 
edge node 108 using different channels should not be expanded to include the transfer of 
|5 successive bursts to the same sink edge node 108 using different links where the delay 
^ differential between links (possibly several milliseconds) may complicate assembly of the 
s bursts at the sink edge node 108. 

ji yj Note that conventional WDM demultiplexers and WDM multiplexers are required at 

[<% the input ports 1802 and output ports 1808 of a bufferless core node 1210 employing multiple 

|0 parallel space switches. They are not illustrated in the figures, however, their use being well 

=,3 

known in the art. 

An advantage of burst switching is a freedom to select a space switch on a per-burst 
basis, as long as a predetermined time separation (a microsecond or so) is provided between 
successive bursts of a single data stream. The time separation is required to offset the effect 
25 of propagation delay differentials present in different wavelengths of the same WDM signal. 

Returning to FIG. 12, propagation delay may be considered in view of the data 
network 1200. If the edge node 108A is one kilometer away from tiie bufferless core node 
1210X, scheduling information may take five microseconds to pas< : from the bufferless core 
node 121 OX to the edge node 108A in an optical-fiber link. Sixnilai ly, a burst sent from the 
30 edge node 108A would take five microseconds to travel to the bufferless core node 121 OX. A 
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time period lasting five microseconds is represented in the calendar 600 by 500 time slots 604 
of 100-nanoseconds each. It may be that, as a consequence of propagation delay, a burst may 
. arrive at the bufferless core node 121 OX after the time at which the burst was scheduled to be 
passing through the space switch 1412. Consequently, given knowledge, at the bufferless 
5 core node 1210X, of an estimate of a maximum round trip propagation delay associated with 
the edge nodes 108, scheduling can be arranged to take the propagation delay into account. 
For instance, the burst-scheduling kernel 1710 may schedule such that the earliest a burst 
may be scheduled, relative to a cuxxent time in the master time counter 1714, is at least the 
estimated maximum round trip propagation delay time into the future. 

10 Notably, propagation delay differential was not a problem in the core node 102 of 

FIG. 2, which had input buffers. The collocation of the collocated < dge node 108 J with the 
bufferless core node 1210Z in FIG. IS removes concern of propagation delay differentials for 

f t 

J traffic originating at the traffic sources 104A, 104B connected to the collocated edge node 
H 108J. However, for the other edge nodes 108, a time locking scheme is required so that bursts 
15; may be correctly scheduled. 

□ 

" J The propagation delay between the time at which a burst leaves one of the other edge 

^ nodes 108 (i.e., the edge nodes 108 that are not collocated with the bufferless core node 

M 1210Z) and the time at which the burst arrives at the bufferless core node 1210Z may be 

fi] different for each of the other edge nodes 108. To switch these bunts, without contention or a 

203 requirement for burst storage at the bufferless core node 1210Z, th<* other edge nodes 108 

[3 

jg must be time locked to the bufferless core node 1210Z. A time locking technique, also called 
time coordination, is described in the applicant's United States Patent Application Serial 
No. 09/286,431, filed on April 6, 1999, and entitled ''Self-Configuring Distributed Switch," 
the contents of which are incorporated herein by reference. With time locking, the scheduling 
25 method in accordance with the present invention guarantees that bursts arrive to available 
resources at the bufferless core node 1210Z. 

Given the collocation of the collocated edge node 108J with the bufferless core node 
1210Z and the corresponding fact that all burst transfer requests of the bufferless core node 
1210Z pass though the collocated edge node 108J, each other edge node 108 may "time 
30 lock/* with the collocated edge node 108J. 
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The time locking may be performed using any one of a number of time locking 
schemes. In one such scheme, each edge node 108 includes at least one local time counter 
(e,g., the slave time counter 1314 of FIG. 13) of equal width W. In one embodiment of the 
present invention, a time locking request may be sent from a particular edge node 108E (FIG. 
5 15), while noting the sending time (i.e., the value of the slave time counter at the particular 
edge node 108E when the time locking request is sent), to the masTor controller 161 OZ. When 
the time locking request is received at the master controller 1610Z, the arrival time (i.e., the 
value of the master time counter 1714 at the arrival time) is noted. A time locking response is 
generated, including an indication of the arrival time, and sent to the particular edge node 
10 108E. A time difference between sending time and arrival time is determined at the particular 
edge node 108E and used to adjust the slave time counter at the pai ticular edge node 108E. In 
future, scheduling information is received at the particular edge node 108E from the stand- 
f j alone master controller 1610Z, for instance, "start sending burst number 73 at a time counter 
O state 3564." If the particular edge node 108E starts sending burst number 73 at slave time 
1§I counter state 3564, the beginning of the burst will arrive at the bufferless core node 1210Z at 
W master time counter state 3564. Preferably, the duration of each time counter cycle is equal 
s j and substantially larger than a maximum round-trip propagation delay from any edge node 
? 108 to any core node 1210 in the data network 1200. Furthermore, the maximum round-trip 
IU propagation delay should be taken into account when performing scheduling at the stand* 
2jCH alone master controller 161 0Z. Preferably, the counters related to die time locking scheme 
*3 are included in the controller interface 1612 of the collocated edge node 108J of FIG. 16 and 
in the core interface of the generic edge node 108 of FIG. 13. 

FIG. 19 illustrates the data network 1200 supplemented with an additional bufferless 
core node 121 0Y. With the additional bufferless core node 121 0Y, a flow control process, 

25 which operates at a higher level than the switch operations, may assign one of the bufferless 
core nodes 1210Z, 1210Y (referred to individually or collectively as 1210) to each traffic 
stream originating at a particular edge node 108, where a traffic stream is an aggregation of 
traffic with identical source and destination edge nodes 108. When a burst arrives at a given 
edge node 108, the given edge node 108 may send a burst transfer request to the core node 

30 (say bufferless core node 1210Z) assigned to the traffic stream of which the burst is part. 

Scheduling information is returned to the given edge node 108. The- given edge node 108 may 
then send the burst to the assigned bufferless core node 1210Z according to the timing 
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represented in the scheduling information. The additional bufferles> core node 1210Y is 
illustrated as collated with an edge node 108K at an additional location 114. An additional 
master controller 161 OY, corresponding to the additional bufferiess core node 1210Y, is also 
present at the additional location 114. 

5 An edge node 108 communicates with all core nodes 1210 in the sending and 

receiving modes. As such, the edge nodes 108 should be adapted to communicate with more 
than one bufferiess core node 1210. This adaptation is shown for the collocated edge node 
108 J in FIG. 20. Notably different from the collocated edge node 108J as illustrated in FIG. 
16 is the addition of a core interface 1608Y corresponding to the bufferiess core node 1210Y. 
10 The core interface 1608Y corresponding to the bufferiess core node 121 OY requires a 

connection to a slave time counter 1614Y. As will be apparent to a person skilled in the art, 
there may be many more than two bufferiess core nodes 1210 in a (Lata network and many 

% more than eight edge nodes 108. 

j 

in As stated above, there is a requirement that a slave time coimter at a given edge node 

IS 108 be time locked to the master time counter of the master controller 1610 of the bufferiess 
core node 1210. The scheduling information transmitted by the master controller 1610 to the 
edge nodes 108 is based on the time indication of the master time counter 1714 as it 
corresponds to the scheduled time slot in the calendar 600. The time slots 604 in the calendar 
600 must, therefore, also be time locked to the master time counter 1714. The selection of the 
2J time counter cycle in use at the master time counter 1 714 and the c.ilendar cycle are 
!^ important design choices. Where a master time coimter 1714 counts using W bits, the 
duration of the master time counter cycle is 2 W multiplied by the duration of a period of a 
clock used to drive the master time counter. With W = 32, and a clock period of 16 
nanoseconds, for example, the number of counter states is about 4.::9 x 10 9 and duration of 
25 the master time counter is more than 68 seconds. This is orders of magnitude higher than the 
round-trip propagation delay between any two points on Earth (assuming optical 
transmission). 

Increasing the duration of the master rime counter 1714 involves adding a few bits, 
resulting in a very small increase in hardware cost and transport of time locking signals 
30 across the network. By contrast, increasing the duration of the calendar 600 requires 

increasing the depth of a memory used to maintain the calendar 600 and/or increasing the 
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duration of each time slot 604 in the calendar. The latter results in decreasing the accuracy of 
time representation, and hence in wasted rime, as will be explained below. 

If, for example, each time slot 604 has a duration of eight microseconds and the 
number of calendar time slots 604 is 65,536, the duration of the calendar 600 is more than 
500 milliseconds. A time slot 604 of eight microseconds is, howevu, comparable with the 
duration of a typical burst. At 10 Gb/s, an eight microsecond bursts is about ten kilobyte long. 
It is desirable that the duration of each time slot 604 be a small frac tion of the mean burst 
duration. A reasonable duration for a time slot 604 is 64 nanoseconds. However, if the 
duration of the calendar 600 is to be maintained at 500 millisecond,-, the calendar 600 
requires eight million slots. A compromise is to select a duration oj the calendar 600 that is 
just sufficient to handle the largest possible burst and use an associated adder or cycle counter 
to be cognizant of the calendar time relationship to the master time counter time. The largest 
burst duration would be imposed by a standardization process. In a channel of 10 Gb/s, a 
burst of one megabyte has a duration of less than one millisecond. A. standardized upper- 
bound of the burst length is likely to be even less than one megabyie in order to avoid delay 
jitter. Thus, the duration of the calendar 600 can be selected to be loss than 16 milliseconds. 
• With a duration of each time slot 604 set to 64 nanoseconds, the number of required time 
slots 604 would be about 262,144. This can be placed in four memory devices of 65,536 
words each, a word corresponding to a time slot 604. 

Relating a time slot 604 in the calendar 600 to the state of the master time counter 
1714 is greatly simplified if the ratio of the number of master time counter states to the 
number of rime slots 604 is a power of two, and the ratio of the dui ation of a time slot 604 to 
the duration of the clock used to drive the master time counter is al so a power of two. 
Notably, the number of master time counter states exceeds or equals the number of calendar 
slots and the duration of a calendar slots exceeds or equals the clock period. 

If the width of the master time counter is 32 bits, the width of a calendar address is 18 
bits (2 18 , i,e., 262,144 time slots 604), and the duration of a time si. >t 604 is four times the 
period of the clock used to drive the master time counter, then dun. tion of the master time 
counter is 4,096 times the duration of the calendar 600. Reducing the width of the master 
time counter to 24 bits, with 262,144 calendar slots, a clock period of 16 nanoseconds and a 
duration of each time slot 604 of 64 nanoseconds, the duration of the master time counter 
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1714 becomes about 268.72 milliseconds, which is 16 rimes the calendar period of about 
16,77 milliseconds. The master clock period is selected to be reasonably short to ensure 
accurate time representation for time locking purposes. 

FIG. 21 depicts a master time counter cycle 2102 and a calendar cycle 2104 for an 
5 exemplary case wherein a duration 2112 of the master time countei cycle 2102 is exactly four 
times a duration 2114 of the calendar cycle 2104. Time locking of ihe calendar to the master 
time counter is essential as indicated in FIG. 21. 

The scheduling of future burst transfers based on burst transfer requests received from 
a specific edge node 108, associated with a specific input port of a bufferless core node 1210, 

10 is illustrated in FIG. 22. Changes in the state of a calendar 2200 are- illustrated as they 

correspond to the specific input port. In particular, the calendar 2200 has 32 time slots and is 

Hi shown as four calendar cycles 2200S, 2200T, 2200U, 2200V. In this example, the duration of 

w the master time counter is four times the duration of the calendar 2200, A time slot 2202 A 

%. § 

in contains an identifier of the input port, typically an input port number. Each other time slot in 

IjjSf the calendar 2200 contains either an input port identifier or a null identifier, although, for 

" J simplicity, these identifiers are not shown. As the calendar 2200 is scanned, the time slot 

^ a 2202A is encountered and an input port identifier 2206 is recognized. The burst scheduling 

M method of FIG, 8 is then performed, along with the map maintenance method of FIG. 9. 

These methods result in the input port identifier 2206 being replace d with a null identifier in 

2jU time slot 2202A and the input port identifier 2206 being written in time slot 2202B. The 

T "5 

It methods of FIGS. 8 and 9 are repeated when the input port identifier 2206 is encountered in 
time slot 2202B, resulting in a null identifier in time slot 2202B and the input port identifier 
2206 being written in rime slot 2202C. When the input port identifier 2206 is encountered in 
time slot 2202C, the input port identifier 2206 being written in timo slot 2202D which is in 

25 the second calendar cycle 2200T and has a numerically smaller index in the calendar 2200. 
The index of time slot 2202D is smaller than the index of time slot 2202C because the adder 
determining the index of the time slot in which to write the input port identifier 2206 (step 
902) has a word length that exactly corresponds to the number of time slots in the calendar 
2200 (note that calendar length is a power of 2). When the input port identifier 2206 is 

30 encountered in time slot 22021 in the fourth calendar cycle 2200V, the input port identifier 
2206 is written to time slot 2202X in the first calendar cycle 2200S. Scheduling availability 
of the input port in the first calendar cycle 2200S means that the input port will not be 
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available until the master clock cycle subsequent to the master clock cycle in which time slot 
22021 was encountered. 

It is emphasized that the scheduling procedure described above enables scheduling 
bursts for a look-ahead period as large as the duration of the master time counter. Where the 
duration of the master time counter is 268 milliseconds (2 24 master time counter slots, 16 
nanosecond clock period), for example, at 10 GHz, bursts of cumulative length as high as 200 
megabytes can be scheduled. 

To compute a scheduled rime indication, i.e., the master time counter state 
corresponding to the scheduled time slot, to be reported to a respeciive edge node, an 
indication of the relative calendar cycle number with respect to the master time counter cycle 
must be provided along with the scheduled time slot. In the example of FIG. 22, this 
indication is 0, 1, 2 or 3. The scheduled time indication is then the rycle indication, left 
shifted by 5 bits (log2 32) added to the scheduled time slot from the calendar. For example, if 
time slot 2202G, which is at time index 20 in the third calendar eye le (relative calendar 
indication 2), is the scheduled rime slot, the scheduled time indication is 2 x 32 + 20 = 84. 
The scheduled time indication that is communicated to the requestiag edge node is 84. 

A portion of the network capacity in the data network 1200 may be dedicated to 
relatively well-behaved traffic. That is, non-bursty traffic. To this end, a master controller 
may include a second scheduler dedicated to more traditional circuit switching. Like the 
master controller 1610Z illustrated in FIG. 17, the master controller 1610Y illustrated in FIG. 
23 includes a processor 2302. The processor 2302 maintains connections to a memory 2304, 
an edge node interface 2306, a core node interface 2312 and a master time counter 2314, The 
master controller 1610Y illustrated in FIG. 23 also includes a circuit-scheduling kernel 2316 
for scheduling transfers between edge nodes 108 on a longer term basis. 

In one embodiment of the present invention, the edge nodes 108 (or the port 
controllers 206) may perform some processing of bursts. This processing may include 
expansion of bursts to have a length that is a discrete number of sejements or aggregation of 
small bursts. 

Notably, the present invention is applicable without dependence on whether switching 
in the data network 1200 is electrical or optical and without dependence on whether 
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transmission in the data network 1200 is wireline or wireless. The optical switching example 
is particularly instructive, however, in that, given recent developments in Dense Wavelength 
Division Multiplexing, a link between an edge node 108 and abufterless core node 1210 may 
include multiple (e,g., 32) channels. If the data network 1200 is to work as described in 
5 coiy unction with FIG. 12, one of the multiple channels may be completely dedicated to the 
transfer of burst transfer requests. However, the transfer of burst tmnsfer requests represent a 
very small percentage of the available capacity of such a channel and the unused capacity of 
the dedicated channel is wasted. This is why co-location of an edg<- node 108 with a 
bufferless core node 1210 is used. The optical example is also well suited to the consideration 
10 herein that the core node 1210X (FIG. 14) is bufferless, as an efficient method for buffering 
optically received data has not yet been devised. 



Advantageously, the present invention allows bursts that switch through the core 
nodes to employ the core nodes, and associated space switches, neiurly constantly, that is, 
^4 with virtually no data loss. As such, the network resources are used more efficiently. 

tS Other modifications will be apparent to those skilled in the art and, therefore, the 

% 4 invention is defined in the claims. 
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